Abstract The performance of the Hadley Centre Global Environmental Model version 3 regional climate model (HadGEM3-RA) in simulating the West African monsoon (WAM) is investigated. We focus on performance for monsoon onset timing and for rainfall totals over the JuneJuly-August (JJA) season and on the model's representation of the underlying dynamical processes.
Introduction
The West African economy and its food supply depend strongly on local agriculture, which is in turn highly dependent on climate, particularly on seasonal rainfall. Rainfall maxima occur during the peak of the West African monsoon (WAM) in June-July-August (JJA) and are associated with the meridional displacement of the intertropical convergence zone (ITCZ) . The migration of the ITCZ is not smooth but characterized by successive phases of intense rainfall and pauses (Janicot et al. 2011; Sultan and Janicot 2003) . Firstly, the ITCZ holds a quasi-stationary position around the Guinea Coast near 5°N between April and June. Secondly, there is an abrupt shift of rainfall maxima northward to hold another quasi-stationary position near 11°N in JJA. This abrupt latitudinal shift corresponds to the monsoon ''onset'' and contrasts to the smooth retreat of the ITCZ southward in OctoberNovember. Reliable projections of potential changes to the WAM and its onset characteristics are important to inform climate change adaptation in most socio-economic sectors in the region. This paper is concerned with assessing the quality of the HadGEM3-RA simulations of the monsoon; a faithful simulation being evidence that the model has a sound physical basis for use in future projection.
There are disagreements in the literature on the primary dynamical processes influencing the monsoon onset. For instance Sultan and Janicot (2003) , using a composite study based on the National Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al. 1996) , argue that interactions between the regional circulation and the Atlas and Hoggar mountains play a critical role in the mechanism leading to the abrupt shift of the ITCZ (defined as the convective rainbelt), through enhancing the Saharan heat low (SHL) cyclonic circulation in the low levels. Gu and Adler (2004) see rainfall maxima along the Guinea coast and Sahelian zone as two independent features, with the former controlled by sea surface temperature (SST) and the latter controlled by upper air atmospheric jets. Okumura and Xie (2004) highlight the influence of SST seasonal cooling in the Gulf of Guinea. Ramel et al. (2006) using the MAR regional climate model have attributed the monsoon onset to an abrupt shift in the SHL position resulting from differences in surface albedo between the Sahel and Sahara desert. Hagos and Cook (2007) , also using a regional climate model (RCM), found that the surface sensible heat drives a shallow meridional circulation and moisture convergence at the latitude of the sensible heating maximum, which leads to an inertial instability responsible for the abrupt meridional shift of rainfall maxima. Sijikumar et al. (2006) using the Mesoscale Model MM5 found a deepening of the SHL followed by an enhanced westerly moisture advection from the eastern Atlantic ocean during the WAM onset. This result has been recently consolidated by Vellinga et al. (2013) using the Met Office GloSea4 system, an ensemble prediction system derived from the HadGEM3 coupled ocean general circulation model (GCM) . Although climate models can capture reasonably the different phases of the intraseasonal variability of WAM rainfall, the accurate simulation of the onset timing remains a grand challenge and model performance in this respect is very sensitive to physical parameterizations (Hourdin et al. 2010; Sylla et al. 2010a; Yamada et al. 2012; Hernández-Díaz et al. 2013) . Flaounas et al. (2012) found for instance that the WAM onset timing of 2006 in WRF regional climate model simulations is not sensitive to the albedo of the Sahara desert, effects of the North Africa highlands, nor the timing of the SST cold tongue which develops during late spring near the Equator in the Gulf of Guinea; all factors that have been argued as important in other studies.
The purpose of this paper is twofold: (1) explore the performance of HadGEM3-RA, the RCM configuration of the Hadley Centre Global Environmental Model version 3 (HadGEM3; Walters et al. 2011) , in simulating features of the WAM onset; (2) use the dynamical fields from the high resolution simulation together with the pseudo-observed fields from the ERA-Interim reanalysis (Dee et al. 2011) to develop hypotheses on the dynamical factors driving the observed features of the monsoon. In this respect, comparisons of the RCM performance against that of HadGEM3, a parent GCM which shares common model components and formulation and which is not forced by pseudo-observed lateral boundaries serve to provide insights on the ability of the model physics formulation to support a realistic monsoon simulation. In Sect. 2 we describe the models, datasets and methodology used. In Sect. 3 we evaluate the models' performance with focus on the spatial distribution of seasonal rainfall total, 2 m air temperature and the annual cycle over selected sub-regions. Potential physical processes controlling the WAM onset in HadGEM3-RA and HadGEM3 simulations are also discussed in this section. A summary and conclusions are provided in Sect. 4.
Methodology and evaluation metrics

Model description and experimental design
The two models used in this study are the Global Atmosphere 3.0 (GA3) configuration of the Hadley Centre Global Environmental Model version 3 (HadGEM3) and its regional climate model version, here referred to as Had-GEM3-RA. For a more detailed description of the formulation of both models, the reader is referred to Walters et al. (2011) . HadGEM3 is integrated for 27 years with horizontal grid spacing of 1.875°9 1.25°and 85 model vertical levels, using prescribed daily observed SST/ SICE from the Reynolds dataset (Reynolds et al. 2003) .
HadGEM3-RA shares common atmospheric and land surface model components with HadGEM3, but is applied over a limited area. The HadGEM3-RA experiment fully complies with the protocol of the Coordinated Regional Climate Downscaling Experiment (CORDEX; Giorgi et al. 2009 ; http://cordex.dmi.dk/joomla/) over Africa: specifically the model is integrated for 20 years (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) over the CORDEX whole-Africa domain with atmospheric initial conditions and 6-hourly lateral boundary conditions (LBCs) taken from the European Centre for Medium range Weather Forecasting (ECMWF) reanalysis dataset ERAInterim (Dee et al. 2011 ) and with a horizontal grid resolution of 0.44°9 0.44°, which roughly corresponds to 50 km on the rotated grid coordinate system. In addition the model employs 63 vertical levels, a time-step of 12-min, and lateral boundary conditions were updated every time-step through a linear interpolation. Reynolds daily observed SST was used to drive the lower boundary conditions of HadGEM3-RA over sea grid-boxes. Since the HadGEM3-RA and HadGEM3 simulations are performed with common SST forcing and number of vertical levels in the troposphere (i.e. below 18 km), differences in the models' behaviour over the Africa domain are attributable to differences in the large-scale driving atmospheric circulations and the impact of resolving smaller scale features in the higher resolution HadGEM3-RA model.
The HadGEM3-RA experiment follows the one-way nesting approach described by Davies (2013) . The sponge zone, where the RCM interior flow is gradually relaxed toward the externally imposed lateral flow without feedback to the latter, is set to 10 grid-points and a halo of 5 grid-points is added around the domain edges to provide upstream values for the semi-Lagrangian scheme. The latitude-longitude grid is rotated so that the equator lies always inside the region of interest, in order to obtain a quasi-uniform grid box area throughout the region of interest. Note that no nudging toward the ERA-Interim LBCs was applied within the HadGEM3-RA domain. The computational domain has 226 9 233 grid-points and was initially designed to include most of the local scale climate drivers, and account for the diversity of climate regimes across Africa. Figure 1 compares HadGEM3 (Fig. 1a) and HadGEM3-RA (Fig. 1b) topography over West Africa. Both model configurations capture the key regional orographic features including the Guinean Highlands (GH; *10.5°N, *13°W), Cameroon Mountains (CM; *6°N, *12.5°E) and Jos plateau (JP; *10°N, *8°E). However, HadGEM3 lacks fine scale details compared to HadGEM3-RA and this may adversely affect the GCM's ability to simulate rainfall maxima over highland regions.
Validation data
The validation data used throughout this paper are sourced from the Global Precipitation Climatology Project (GPCP; Huffman et al. 2009 ), the 3B42-V7 Tropical Rain Measurement Mission (TRMM; Huffman et al. 2007 ), the ERAInterim reanalysis (Dee et al. 2011) , the Modern-Era Retrospective analysis for Research and Applications (MERRA; Rienecker et al. 2011) , the Climatic Research Unit version TS3.0 (CRU; Harris et al. 2012 ) and the University Delaware observation dataset (UDEL; Legates and Willmott 1990) . Use of two observational datasets for both rainfall (GPCP and TRMM) and temperature (CRU and UDEL) allows some insight into observational uncertainty, given the data scarcity over much of the region. Table 1 provides details of the variables used from each dataset as well as the temporal and spatial resolutions. We have interpolated all the validation datasets and model outputs onto the HadGEM3-RA grid through a bilinear interpolation to facilitate comparisons. We note that ERA-Interim is used both as lateral boundary forcing for the HadGEM3-RA experiment and as one of the validation datasets. The models' performance is further examined using four sub-regions (Fig. 1) , each with different characteristics of the annual cycle of rainfall: Sahel (20°W-15°E; 10°N-20°N), East Sahel (15°E-25°E; 10°N-20°N), Guinea (15°W-15°E; 5°N-10°N), and West Africa (20°W-25°E; 4°N-20°N). The selection of sub-regions is based on the previous work of Moufouma-Okia and Rowell (2010) and three evaluation metrics are used. These include the mean bias (MB), which corresponds to the difference between the area averaged simulated and observed values, the root mean square difference (RMSD), and the pattern correlation coefficient (PCC; i.e. spatial correlation). These metrics are only calculated for rainfall and 2 m air temperature for JJA. GPCP and CRU are used as the main reference datasets for rainfall and 2 m air temperature respectively.
Onset Index definition
In order to evaluate HadGEM3-RA performance and address the circulation change around the WAM onset date, an Onset Index (OI) has been defined. This OI is based on the method proposed by Sijikumar et al. (2006) which computes standardized rainfall indices for two regions using the 5-day means of rainfall (hereafter referred to as ''pentads'') averaged over the region: specifically, a Northern (Sahelian) Index (NI), defined over 10°W-10°E and 7.5°N-20°N and a Southern (Guinean) Index (SI), defined over 10°W-10°E and 0°-7.5°N. We then calculate the difference between the standardized Sahelian and Guinean indices (NI minus SI). Thus a positive (negative) difference indicates that the Sahelian rainfall rate is higher (lower) than the Guinean rate. According to Sijikumar et al. (2006) the onset date is defined as the first pentad for which NI-SI [ 0 conditional that the relationship holds for at least the next four pentads (though results for onset timing are similar if this condition on duration is changed to the next two or three pentads).
Results and discussions
Model performance
Precipitation climatology
Figure 2a-f show JJA mean precipitation from, respectively, the GPCP and TRMM observational datasets, the ERA-Interim and MERRA reanalyses and the HadGEM3 and HadGEM3-RA simulations. There is generally good agreement between GPCP and TRMM with major rainfall ; 1990 1990 1979 -2009 1998 1990 1990 1998 -2009 1998 1990 1990 Rienecker et al. (2011) maxima centred over coastal Guinea and along the Nigeria/ Cameroon border and an east-west band of peak rainfall centred near 10°N. TRMM is drier than GPCP along most Guinea Coast regions and wetter in the central Sahel (Fig. 2g) , however broad agreement is reflected in Table 2 which shows differences of no more than 8 % in any of the The similarity between GPCP and TRMM gives some confidence in their use for model validation. Further, we note that Sylla et al. (2013a) argue that over Africa, GPCP is more consistent with gauge based observations whilst Nikulin et al. (2012) found a significant dry bias over tropical Africa in TRMM compared to GPCP. We therefore select, for precipitation, GPCP as our main observational reference in this paper. The re-analysis datasets ( Fig. 2c, d ) show good agreement with GPCP and TRMM with regard to the major maxima and the overall pattern correlation, though less than for TRMM, exceeds 0.86. However the east-west rain band is displaced southward, as is also evidenced in the dipole difference pattern for ERA-Interim (Fig. 2h) . This is likely due to the influence of the GCMs in the re-analysis products which, as noted by other authors (e.g. Vellinga et al. 2013) , tend to underestimate the northward progression of the monsoon rainband. This positional bias is also evident in Table 2 which shows both ERA-Interim and MERRA to have a dry bias in the Sahel (-27.4 and -24.4 % respectively) and a wet bias in the Guinea region (24.1 and 17.3 %). These biases and likely corresponding position errors in associated dynamical features are important to keep in mind in subsequent sections where we assess HadGEM3-RA dynamical fields.
With regard to orographic enhancement of rainfall both observations and re-analyses give broadly consistent results over the Cameroon Mountains, while TRMM appears drier than the other datasets in the region of the Guinea Highlands. All four datasets show enhanced rainfall in the region of the Jos plateau (Central Nigeria), with a tendency for a separate peak in TRMM and ERA-Interim; perhaps because of the higher horizontal resolution, though a separate peak is not evident in the (high resolution) MERRA dataset.
Both HadGEM3 and HadGEM3-RA (Fig. 2e , f) produce the main observed rainfall features discussed above: specifically the rainfall peaks near the Guinea Highlands and Cameroon mountains and the east-west rain band near 10°N. The biases are similar in both models (Fig. 2i, j) with the dominant feature being a dry bias over much of the Sahel and Guinea Coast regions, which is most acute in the Sahel. The broad similarity of the HadGEM3 and Had-GEM3-RA simulations is striking, considering the former is forced by observations only at the lower boundary, and suggests the model physics, common to both models, represents well the physical processes that lead to maintenance of the main rain band near 10°N in JJA. The observed lateral boundary forcing and higher resolution of the HadGEM3-RA simulation are the candidate reasons for its improved simulation relative to HadGEM3, with smaller RMSD and absolute biases in all regions, with the exception of RMSD for East Sahel (Table 2 ). However, given that the forcing data from ERA-Interim is not consistent with maintenance of a rainband at 10°N, this result suggests that higher model resolution may be the primary reason for the better HadGEM3-RA simulation. The PCC for the whole West Africa region is similar between the two models (slightly lower with HadGEM3-RA). A notable improvement is seen in the Jos plateau region where the rainfall peak observed in GPCP and TRMM is better reproduced in HadGEM3-RA.
In conclusion, although HadGEM3-RA shows some weaknesses, such as a dry bias over much of the Sahel and Guinea Coast region, its performance in replicating the spatial distribution of rainfall appears in line with that documented in previous studies using either RegCM3 (Sylla et al. 2009 (Sylla et al. , 2010b Diallo et al. 2010; Abiodun et al. 2012) or other state-of-the-science regional climate modelling systems (e.g. Diallo et al. 2012 Diallo et al. , 2013a Hernán-dez-Díaz et al. 2013; Nikulin et al. 2012; Gbobaniyi et al. 2013; Sylla et al. 2013b ).
Temperature climatology
The spatial distribution of the JJA averaged 2 m air temperature is presented in Fig. 3a -d for the four validation Table 3 ). The reanalysis datasets differ from each other mainly in the magnitude of temperature over the Sahara desert, with MERRA indicating warm biases (relative to CRU) of up to 4°C. In contrast ERAInterim shows little bias with respect to CRU (Fig. 3g, h ). Over the Guinea Coast, there is consistency between the reanalyses, which indicate patchy cold biases of magnitude up to 2°C. The models reproduce well the general features of the observed pattern including the meridional surface temperature gradient between Guinea Coast and the Saharan desert. This temperature gradient is instrumental to the formation and evolution of the African Easterly Jet (AEJ) (Cook 1999; Thorncroft and Blackburn 1999) . HadGEM3 and HadGEM3-RA errors are characterized by cold biases over the Sahara, largely over and to the east of the observed 2 m temperature maximum, and warm biases between 10°N and 15°N. For instance, from Table 3 it is seen that while the mean bias (and RMSD) for both models exceeds 2°C over all sub-regions except Guinea, HadGEM3-RA PCC for West Africa exceeds 0.90. The largest warm biases occur around south-western Mali, east Senegal and Burkina Faso (Fig. 3i, j) . These warm biases are consistent with the dry bias found in this region (Fig. 2i, j) , as less rainfall would induce less evaporative cooling and increase the insolation through decreased cloud cover.
Another possible explanation for the models' warm biases is further discussed in Garcia-Carreras et al. (2013) whereby a lack of cold pool parameterisation leads to underestimation of heat low ventilation, and a consequent warm bias near the model surface. One effect of the warm bias is to displace the zone of meridional temperature gradient southward relative to its observed position. It should be noted, though, that all comparisons of temperature at 2 m are affected by large uncertainties due to the relative sparseness of surface observing stations in the region. Overall HadGEM3 and HadGEM3-RA capture the general patterns of observed near-surface temperature, particularly the temperature dipoles, albeit with the noted southward displacement of the zone of meridional gradient. HadGEM3-RA exhibits the same general features of the zonal flow, the main differences from the reanalyses being in the location of the AEJ and the northward limit of the surface westerly flow, both of which are located about 2°s outh of the position in the reanalyses. Given the large size of the Africa domain, the model is not too constrained over the specific region being considered and the more southerly location is likely a result of the model's physical processes. This is supported by the fact that the HadGEM3 experiment shows a similar more southerly position of the AEJ. Additionally the AEJ is somewhat weaker than seen in the reanalyses while the low-level westerlies are stronger, these differences also seem ''inherited'' from HadGEM3. The more southerly location of the AEJ in HadGEM3-RA and HadGEM3 is consistent with the more southerly location of the region of zonal temperature gradient (see Fig. 3c-f) , as the AEJ is associated with the surface temperature gradient (Cook 1999; Thorncroft and Blackburn 1999) . These results suggest that the models' southward shift of the zone of temperature gradient may be associated with a warm bias in the Sahel related to the dry bias, and thus the convection scheme may be implicated. In this context we note that Sylla et al. (2011) concluded that model simulation of the AEJ is sensitive to the convection scheme used. The TEJ (at 200 hPa and 7°N), is very similar in HadGEM3-RA and the reanalyses. In contrast, the core of the jet is somewhat weaker in HadGEM3 at around 8 m s -1 (compared to 14 m s -1 in MERRA). the annual cycle of monthly rainfall variation for each subregion, with reference to GPCP, are provided in Table 4 . While acknowledging the observational uncertainty, Had-GEM3-RA reproduces fairly well the annual cycle over the main Sahel and East Sahel regions (Fig. 5a, b) . The dry season from November to February is well indicated as is the timing of the peak in August, and the subsequent rapid decline. HadGEM3-RA generates too much rainfall in the early season (March to June) particularly in the East Sahel. This bias can be attributed to the model physics, since HadGEM3 which is not constrained by the pseudoobserved lateral boundary input from ERA-Interim exhibits similar behaviour. This similarity is contrasted by the marked departure of the two models after June, including the peak rainfall of August. HadGEM3-RA generates more rainfall than HadGEM3 around the season peak (August) and is more realistic if we take, as is reasonable, GPCP and TRMM as the most reliable validation. The sudden departure of HadGEM3-RA in this period from the behaviour of HadGEM3 suggests either particular sensitivity to the ERA-Interim lateral boundaries at this time or that higher resolution is required to correctly simulate the physical processes developing after onset and at peak rainfall. A similar, though weaker, departure of the two models at this time is also seen in the main Sahel region (Fig. 5a ), though here there is less agreement between the observational references; ERA-Interim showing substantially less rainfall compared to GPCP and TRMM. Over the Guinea region (Fig. 5c ), GPCP and TRMM show a bimodal distribution of rainfall associated with the meridional progression and retreat of the tropical rain-belt (so called ITCZ) over land. The first rain maximum occurs in June and the second one in September with a minima around July-August corresponding to the rainy season over the Sahel. Relative to both GPCP and TRMM, ERAInterim overestimates rainfall amounts throughout the year, but captures fairly well the timing of rainfall maxima. ERA-Interim overestimation of Guinea region rainfall is in contrast to underestimation in the main Sahel region (Fig. 5a ). Rainfall intensities from HadGEM3 and Had-GEM3-RA bear a great deal of resemblance to each other in most of the seasons, which is striking given the lack of pseudo-observational lateral boundary information in HadGEM3 and suggests a dominant role for model physics (over lateral boundary forcing) in the simulated annual cycle. Both models underestimate the rainfall amount compared to ERA-Interim and observations (i.e. GPCP and TRMM). The timing of the highest rainfall amount (June and September) in HadGEM3-RA is in agreement with those of observations and reanalysis. However, HadGEM3 captures only the timing of the first rainfall peak, the second peak occurring too early (in August rather than September). Over the West Africa sub-region (Fig. 5d) , we note that both models identify the month of peak rainfall (August) however both, particularly HadGEM3, underestimate the intensity of rainfall over much of the season (relative to TRMM and GPCP). In summary, the regional model HadGEM3-RA performs notably better than the global model HadGEM3 in simulating rainfall amount and annual cycle over the subdomains, particularly with respect to the peak season amplitude in the Sahel regions and the timing of the rainfall peaks in the Guinea sub-region. This is consistent with the higher correlations for HadGEM3-RA in all sub-regions (Table 4) . We have noted some evidence that model resolution plays an important contributing role in this superior performance.
Wind profile
Annual cycle of precipitation
Intraseasonal variability
In this section we examine the model performance in simulating intraseasonal variability of rainfall and the abrupt latitudinal shift associated with the monsoon onset. Figure 6a -d show time-latitude diagrams of mean daily rainfall, averaged along 10°W-10°E, from, respectively, GPCP, ERA-Interim, HadGEM3 and HadGEM3-RA. The three phases of the WAM are clearly indicated by GPCP. In the first phase the rainfall maximum remains centred south of 5°N until end of May, after which the rainfall rate diminishes before increasing rainfall rates emerge near and north of 10°N, signifying the start of the rainy season over Sahel (the second phase), with highest rainfall rates occurring during August. In the third phase, from August to October, GPCP shows a southward retreat of the main rainband corresponding to the second rainy season over the Guinean region. The ERA-Interim reanalysis reproduces the general features seen in the GPCP data, but there are important differences. Specifically, rainfall lingers too long over the Guinea Coast with the northward ''jump'' of the rainfall band occurring too late (early July), the rainband does not move sufficiently far north; with the region of peak rainfall staying south of 10°N, and the rainfall intensities are generally higher than in GPCP. The southward bias in the position of the rainband may be associated with corresponding errors in the representation of dynamical processes supporting the rainfall. Apart from the higher rainfall intensities the relatively smooth southward retreat of rainfall after August is well captured.
HadGEM3-RA (Fig. 6d) simulates the evolution of the position of the tropical rainbelt well. In the first phase, rainfall intensities over the Guinea Coast are similar to GPCP and decrease at the end of May as observed. The northward jump of the rainfall band occurs with similar timing to that of GPCP with peak rainfall in August as observed; though the intensities are lower than in GPCP. The southward retreat of rainfall between August and September is also well simulated. Thus the HadGEM3-RA timing of the onset of rains in the Sahel and the positioning of the rainfall band north of 10°N after the discontinuous ''jump'' fit better with GPCP than does the ERA-Interim reanalysis. This suggests that the HadGEM3-RA simulation in this region is not dominated by the ERA-Interim boundary forcing and that the model physics and/or high resolution are responsible for the good simulation. This is supported by the HadGEM3 simulation which, although not forced with any pseudo-observed lateral boundary data, bears general similarity to the HadGEM3-RA simulation, particularly with regard to the decreasing Guinea rainfall at the end of May, the northward ''jump'' in mid-June and the penetration of the rainfall maxima north of 10°N (albeit with intensities that are too low). This similarity indicates that the model physics is critical for realistic positioning of the rainband while high resolution may be more important for attaining realistic rainfall intensities. The main driving force of the ITCZ propagation northward over land is the low-level meridional flow (between the surface and 800 hPa) and the AEJ at 600-700 hPa height in association with the intense solar heating over the Sahara (Sultan and Janicot 2003; Yamada et al. 2012; Thorncroft et al. 2011) . Figure 7 shows time/ latitude diagrams of mean low-level (925 hPa) wind divergence (Fig. 7a-c) and 700 hPa relative vorticity (Fig. 7d-f ) averaged along 10°W-10°E. Here, negative (positive) values denote convergence (divergence) while positive (negative) vorticity values correspond to cyclonic (anticyclonic) circulation. From April to early June, ERAInterim (Fig. 7a) shows strong convergence associated with the leading edge of the northward moving low-level westerlies. The peak divergence is located north of the band of peak rainfall (Fig. 6b) and reaches around 16°N in August before retreating southward. Until June/July a band of divergence is found to the south of the convergence zone. This is interrupted after July as a further region of divergence develops between 8°N and 10°N, south of the main divergence band. This secondary area of divergence is co-located with the latitude of peak ERA-Interim rainfall after the northward jump (Fig. 6b) . Over the Guinea Coast a region of weak convergence is seen south of 4°N until June when it is replaced by divergence; this is consistent with rainfall in that region and its decrease in late June (Fig. 6b) .
The general features of the ERA-Interim 925 hPa divergence are well reproduced by both HadGEM3 and HadGEM3-RA, indicating that the model is not dependent on pseudo-observational lateral boundary information to simulate the evolution of the divergence field. The secondary area of convergence that develops between 8 and 10°N around the time of onset in the Sahel is also reproduced by both models, but is much more pronounced in HadGEM3-RA in which it appears separated from the northern region of divergence associated with the leading edge of the low-level westerly flow. Because of the scarcity of radiosonde wind observations in this region, it is not possible to conduct an independent assessment of the realism of the ERA-Interim, HadGEM3 and HadGEM3-RA divergence fields. However, given HadGEM3-RA's superior representation of the northerly jump of the rainband relative to ERA-Interim (Fig. 6) , it seems reasonable to assume that the dynamical features generated by Had-GEM3-RA can give additional insight to the WAM processes in addition to the pseudo-observational fields from the reanalyses. Figure 7d -f provide time-latitude diagrams of mean 700 hPa relative vorticity averaged along 10°W-10°E. ERA-Interim, HadGEM3 and HadGEM3-RA all show a region of positive relative vorticity that remains co-located with the main rain band (Fig. 6) as it moves northward. The northward jump also manifests itself in the vorticity field. Consistent with the rainfall results, HadGEM3-RA generates the largest northward shift in the vorticity maximum, which it maintains at a position near 9°N during July and August after which it retreats southward. Had-GEM3-RA also has the largest vorticity values. Reference to the JJA vertical cross-section of zonal flow (Fig. 4) shows that the vorticity maximum is associated with sheared easterly flow on the southern side of the AEJ.
To summarise, HadGEM3-RA has a good simulation of the rainfall evolution of the WAM and generates a realistic northward shift of the rainband associated with the onset of the rainy season in the Sahel. Caution must be exercised when using ERA-Interim to assess the evolution of dynamical features, since ERA-Interim has a less realistic representation of the northward jump. However, Had-GEM3-RA fields of vorticity and divergence are consistent with observed rainfall evolution and are not inconsistent with those observed in ERA-Interim. Of particular interest are the regions of 925 hPa convergence that develops between 8 and 10°N after June and appears associated with the shift of rainfall into the Sahel. It is noteworthy that the broad features of HadGEM3-RA simulation are well reflected, albeit with less detail, in the HadGEM3 simulation. This suggests that HadGEM3-RA is not dependent on pseudo-observed lateral boundary conditions from ERAInterim for the realism of the simulation, and that the model physics is the most important factor.
Monsoon onset
In this section we employ the objective measure of onset timing described in Sect. 2.3 to complement the analysis of the previous section. Figure 8 presents the mean onset date computed for the 10 year period 1998-2007 for GPCP, ERA-Interim reanalyses and HadGEM3-RA. By this definition, the mean onset date in the HadGEM3-RA simulations falls in the 35th pentad (21-25 June) two pentads after mean onset in GPCP (33rd pentad; 11-15 June), indicating a bias to late onset timing. Confirming the results shown in Fig. 6 , mean onset in ERA-Interim occurs later than in HadGEM3-RA in the 37th pentad (01-05 July). Overall the onset date in HadGEM3-RA compares adequately with the mean onset date from station data over Sahel, i.e. June 24th (Sultan and Janicot 2003; Drobinski et al. 2009 ); supporting the notion that onset timing in ERA-Interim has a more severe late bias than HadGEM3-RA.
To better understand the HadGEM3-RA behaviour and the dynamical process surrounding the onset date, we next analyse the mean differences between variables averaged over the four pentads after the onset date and over the four pentads before the onset date, using the onset timings referred to above. The variables considered are zonal wind, meridional wind, 2 m air temperature, mean sea level pressure, specific humidity and vertical wind. Figure 9a , b show the low-level (925 hPa) wind differences (arrows) superimposed over the 2 m air temperature differences (shading) and the mean sea level pressure differences (contours) from ERA-Interim and HadGEM3-RA. Both ERA-Interim and HadGEM3-RA show an increase in westerly flow both over the Guinea region and between 12 and 20°N, the latter increase being associated with an increased north-south pressure gradient due to the intensifying heat low. The increased flow from the Atlantic is associated with increased moisture advection into the Sahel (see e.g. Vellinga et al. 2013 ) a prerequisite for generating rainfall in this region after onset. Vellinga et al. (2013) note that the strong deepening of the heat low in the western Fig. 8 Standardized difference between the northern (Sahelian) rainfall index (NI; 10°W-10°E; 7.5°N-20°N) and the southern (Guinean) rainfall index (SI; 10°W-10°E; 0-7.5°N) for the period 1998-2007 for: GPCP (blue line), ERA-Interim (green line) and HadGEM3-RA (black line) Sahara in ERA-Interim generates increased southerly flow (seen centred near 5°W in Fig. 9a ) which may divert moisture north of the Sahel and into the Sahara. In contrast HadGEM3-RA has a more pronounced zonal component in flow difference; suggesting greater eastward moisture flow along the length of the Sahel region. This may be a contributing factor in the smaller dry bias in the Sahel region in HadGEM3-RA relative to ERA-Interim (see Table 2 ). Figure 9c , d show vertical cross-sections (10°S-30°N) of differences (''after'' minus ''before'' onset) in vertical velocity (shading), specific humidity (contours) and vertical circulation (arrows; showing a combination of vertical and meridional velocity components). ERA-Interim shows a region of increased vertical motion centred near 24°N extending to around 600 hPa with a region of increased descent of similar depth to its south near 15°N. These features appear to correspond to a strengthening of the shallow meridional circulation cell (SMC) from the surface to the mid-troposphere (Nicholson 2009a; Thorncroft et al. 2011; Sylla et al. 2011 ) the ascending branch of which lies about 7 degrees poleward of the rainfall maximum (Nicholson 2013) and is associated with the low-level convergence of the south-westerly monsoon flow and northeasterly Harmattan winds. The increased meridional circulation is also evident in the HadGEM3-RA simulations ( Fig. 9d ) with similar vertical extent though with a slight southward displacement. A column of increased moisture centred near 17°N is associated with the SMC in both ERA-Interim and HadGEM3-RA. At low-levels this increased moisture appears associated with the increased westerly flow from the Atlantic evident in Fig. 9a, b . A shallow region of increased ascent following onset is also seen in ERA-Interim near 5°N which may correspond to increased ascent generated by an increase in frictional induced convergence in the southwesterly flow at the interface of the Gulf of Guinea and the West African coast (Nicholson 2008 (Nicholson , 2009b . A similar feature with an ascent maximum also at 850 hPa is also evident in HadGEM3-RA but is further north and much deeper in extent and thus less evidently driven by surface effects. The major difference between HadGEM3-RA and ERA-Interim changes before and after onset is the region of increased vertical ascent in HadGEM3-RA located between 10°N and 12°N above 750 hPa. This region of increased vertical motion is almost entirely absent from ERA-Interim. Although most marked above 750 hPa in HadGEM3-RA, this region of increased ascent extends to low-levels and appears associated with the secondary region of increasing low-level convergence that develops near this latitude around the time of onset (Fig. 7c) . This secondary convergence zone also develops in ERA-Interim but is less pronounced. South of these features a region of increased descending motion is seen in both ERA-Interim and HadGEM3-RA between the equator and 5°N and is associated with surface divergence that dominates in that region after onset (Fig. 7a, c) . We now investigate how the changes to the vertical motion field during the onset period relate to the vertical motion patterns seen during the peak of the monsoon season (JJA) and how these are related to the meridional distribution of precipitation. Figure 10a , b show the vertical cross-section of mean JJA vertical velocity (shading) and vertical circulation (arrows) for ERA-Interim and HadGEM3-RA respectively. For cross reference the meridional distribution of precipitation from TRMM, ERA-Interim and GPCP is shown in Fig. 10c while that for HadGEM3-RA and again TRMM and GPCP is shown in Fig. 10d . We note that the TRMM data (Figs. 10c, d) shows two rainfall peaks: a primary peak at 10°N and a secondary peak at 5°N. It is evident from Fig. 10b that the region of increased ascent near 10°N after onset in Had-GEM3-RA (Fig. 9d) is maintained through the peak season and is associated with a rainfall peak at 10°N (Fig. 10d) which closely matches the location of the observed peak in the TRMM dataset (see Fig. 10c ). This area of ascent is not matched as a separate feature in the ERA-Interim reanalysis; instead the ascent at this latitude at upper levels appears merged with the low-level ascent due to frictional processes, resulting in over emphasis, relative to TRMM, of the rainfall peak at 5°N. In terms of temporal evolution, ERA-Interim's over emphasis of the JJA rainfall peak near 5°N is related to its delay of the main rainfall band over the Guinea Coast region until late June (Fig. 6b) , and comparison of the ERA-Interim and HadGEM3-RA vertical velocity fields (Fig. 10a, b) suggests this may in turn be associated with a late or too weak development of ascent near 10°N. In HadGEM3-RA, in contrast to ERA-Interim, the ascent associated with frictional processes near 5°N is a shallow feature, disconnected from the ascent near 10°N, and associated with a secondary weaker rainfall peak (as observed). Both ERAInterim and HadGEM3-RA exhibit a broad region of vertical ascent north of 15°N that is associated with smaller rainfall amounts in that region. This area of area of ascent has a double structure and stretches north to 25°N with peak values between 850 and 700 hPa. This region of ascent is associated with the low-level convergence zone at the northern edge of the low-level southwesterly flow (Fig. 7a, c) and lays well north of the rainfall maximum (Fig. 10c) suggesting that the convergence zone (ITCZ) is decoupled from the rainfall maxima. Similar conclusions were drawn by Nicholson (2009b) .
To summarise the findings of this section HadGEM3-RA is found to develop increased ascent near 10°N, and largely above 750 hPa, during the period of rainfall onset in the Sahel that is not matched in the ERA-Interim dataset. The region of ascent is maintained as a distinct feature through the JJA period and is associated with a rainfall peak at 10°N, the position and intensity of which verifies well with TRMM data. These results support the findings of Nicholson (2008) who also relate the rainfall peak to a region of ascent bounded, latitudinally, by the cores of the AEJ and TEJ and also those of Sylla et al. (2010a) who draw similar conclusions from simulations with the Reg-CM3 RCM. A shallow region of ascent near 5°N is associated with a secondary rainfall peak which also verifies well with TRMM data. This shallow ascent, which has been associated with frictional convergence at the West African coast, is also present and is much stronger in ERAInterim; a fact which appears connected to a late and less marked move of the main rainband north of the Guinea Coast and a consequent overestimation of the secondary rainfall peak. Both ERA-Interim and HadGEM3-RA show a double structured region of ascent maxima to the north of the rainfall maximum which appear broadly related to convergence at the leading edge of the low-level southwesterlies.
Summary and conclusions
Improving the understanding and predictability of the WAM is of high importance for the Sudano-Sahelian countries, whose economies are mainly based on rain-fed agriculture and therefore vulnerable to climate variability. In this study we have evaluated simulations generated by the HadGEM3-RA RCM and used these simulations, together with ERA-Interim reanalysis data to investigate the dynamics behind the characteristic rainfall evolution, including the discontinuous northward jump of the rainband in late June that signals the onset of the rains in the Sahel region. HadGEM3-RA was configured over the CORDEX whole-Africa domain, using a horizontal grid spacing of 0.44°(*50 km), and driven by the ERAInterim reanalysis for the period 1989-2008. It is found that, for the peak JJA season, HadGEM3-RA simulates the spatial patterns of rainfall and 2 m temperature well, though with a number of biases. For rainfall, the main observed peak near 10°-11°N is reproduced but there is a widespread dry bias which is most acute in the Sahel region. However, biases are generally smaller in magnitude than in corresponding fields from the forcing ERA-Interim dataset and it is notable that the position of the rainfall peak is more realistic in HadGEM3-RA than in ERA-Interim when compared to GPCP and TRMM data. For temperature HadGEM3-RA has a widespread cold bias in and to the east of the region of highest temperature over the Sahara and a warm bias between 10°N and 15°N, the latter being possibly linked to increased insolation due to less simulated cloud and rainfall. This warm bias results in the positioning of the region of marked south-north temperature gradient between the Sahara and Guinea coast too far south. Key features in the low-, medium-and upper-level zonal winds are also well simulated including the low-level westerly monsoon flow and the AEJ, though the northerly extent of the westerly flow and the latitudinal position of the AEJ are each located about 2°south of their position in reanalysis data. The latter error being consistent with the displaced zone of 2 m temperature gradient. Associated southerly displacement errors in low-level moisture inflow and dynamics associated with AEJ are likely contributors to the maximum in the dry bias over the Sahel. It is notable that global model simulations with Had-GEM3, which shares a common model formulation with HadGEM3-RA and identical SST boundary forcing, are of comparable quality, in many aspects, to those of Had-GEM3-RA despite their lack of constraint with pseudoobserved lateral boundary forcing. This suggests that the model physics in both systems has a good ability to represent the processes that sustain the large scale features of the WAM circulation. However, HadGEM3-RA simulations are superior to those of HadGEM3 in generating the peak rainfall in August in the Sahel; suggesting that smaller scale processes may increase in importance during this phase of the WAM, with simulation benefiting from higher resolution.
The time evolution of HadGEM3-RA rainfall matches well the observed evolution, including the timing of the discontinuous northward jump of the main rainfall band in late June, which occurs two pentads later than in GPCP. The simulation also reproduces the position of the maximum rainfall north of 10°N as observed, though the rainfall intensities in the peak month of August are too weak. The HadGEM3-RA evolution is superior to that of ERAInterim, which has the northward jump 4 pentads later than GPCP and has insufficient northward travel in the main rainband. The superiority of HadGEM3-RA's representation and the fact that the broad features are well reproduced by HadGEM3 again suggest that the degree of realism in these aspects in the HadGEM3-RA simulation derives chiefly from the model physics rather than the pseudoobserved boundary data.
Investigations of changes in the underlying dynamics across the time of onset indicate that ahead of onset a region of low-level divergence which trails a region of convergence associated with the leading edge of the southwesterly flow is eroded by development of a secondary region of convergence between 8°N and 10°N. This feature develops in ERA-Interim, HadGEM3 and HadGEM3-RA but is most developed in the latter. Associated with this developing region of convergence there is, in HadGEM3-RA, a marked increase in ascent near 10°N which peaks between 700 and 500 hPa. This column of ascending air is maintained as a distinct feature through the JJA period, located between the latitudes of the AEJ and TEJ and is associated with a primary rainfall peak near 10°N, as observed in the TRMM data; results that support those of Nicholson (2008) and Sylla et al. (2010a) . It is located south of a stronger, lower level area of ascent, near 16°N, associated with convergence at the leading edge of the low-level southwesterly flow which is associated with lower rainfall amounts. A secondary rainfall peak is also generated near 5°N, as observed in TRMM, and appears related to previously suggested (Nicholson 2008 ) frictional convergence in the southwesterlies at the Guinea Coast. It is notable that although ERA-Interim also has the region of ascent near 16°N, it does not exhibit an increase in ascending motion near 10°N during onset and ascending motion during JJA does not appear at this latitude as a separate column. Weaker ascent is seen further south where it merges with the lower level (frictionally forced) ascent near 5°N. This appears to result in an erosion of the main (10°N) rainband in ERA-Interim and overemphasis of the maxima near 5°N; biases in the JJA mean that are also consistent with the late (end of June) northward jump of the rainband.
Thus the realism of the HadGEM3-RA rainfall simulations, supported by broadly similar simulations from HadGEM3, suggests that the high resolution runs may be used to help diagnose the underlying dynamics. Results suggest that the main rainfall peak in the Sahel in JJA is supported by ascending motion, generated by relatively small scale dynamical features, that increases in intensity near 10°N around the time of onset. Further research is needed to investigate the dynamical origin of this ascending motion. We are also able to tentatively diagnose errors in the latitudinal distribution of ERA-Interim rainfall as being likely due to a failure to support sufficient vertical motion in the region between the cores of the TEJ and AEJ, perhaps because of insufficient resolution in the underlying reanalysis model.
Our analyses show that in simulations of past climate, forced with pseudo-observed boundary data, HadGEM3-RA is capable of providing a realistic representation of the seasonal evolution of precipitation, 2 m air temperature and the associated circulation patterns as well as intraseasonal variability over West Africa. The results provide a useful foundation for interpretation of future work in which HadGEM3-RA will be used to downscale GCM simulations of past climate and future projections.
